Abstract. Human cytomegalovirus (HCMV) is a herpesvirus that causes congenital diseases and opportunistic infections in immunocompromised individuals. Its functional proteins and microRNAs (miRNAs) facilitate efficient viral propagation by altering host cell behavior. The identification of functional target genes of miRNAs is an important step in the study of HCMV pathogenesis. HCMV encodes at least 14 miRNAs, including hcmv-mir-UL148D, which resides in the HCMV UL/b' region. hcmv-mir-UL148D is the only miRNA encoded by the HCMV UL/b' region; however, its targets and functional effects have not yet been eludidated. In this study, hybrid-PCR screening was used to identify target genes and dual luciferase reporter assay was used to evaluate the binding effect of hcmv-miR-UL148D to the 3' untranslated region (3'UTR) of IEX-1. In addition, western blot analysis was used to detect the expression kinetics of IEX-1 protein and apoptosis assay was used to identify the effects of hcmv-miR-UL148D on cell apoptosis. The hybrid-PCR results showed that only one binding site in the 3'UTR of the cellular gene, human immediate early gene X-1 (IEX-1), was completely complementary to an 11 nucleotide (nt) sequence in the 5' terminus of hcmvmir-UL148D, including the entire seed region. The binding site was demonstrated to be functional by dual luciferase reporter assay with a 47% repression of the relative luciferase activity. In an in vitro system of human embryonic kidney 293 (HEK293) cells, the ectopically expressed hcmv-mir-UL148D exhibited a downregulatory effect on IEX-1 expression, and decreased the cell apoptosis induced by transfected IEX-1. Our data demonstrate that hcmv-mir-UL148D targets the cellular gene, IEX-1, downregulating its expression and thus results in anti-apoptotic effects.
Introduction
Human cytomegalovirus (HCMV) is an ubiquitous β-herpesvirus, which is able to maintain a persistent or latent infection during the host's lifetime. It always displays asymptomatic infection in healthy adults, and also causes significant morbidity and mortality in newborn and immunocompromised patients (1) . HCMV genomic DNA comprises ~230 kb and potentially encodes ~165 open reading frames (ORFs) (2) . Compared with the genome of the prototype laboratory strain, AD169, genomes of low-passage HCMV clinical isolates contain the UL/b' region, including ORFs UL133-UL151, considered as a critical candidate cluster to clinical pathogenesis (3) . Although the UL/b' region is not essential to viral growth or replication (4), products of this region, including UL141, UL142 and UL144 have been experimentally identified to aid in viral escape from immune surveillance through interactions with cellular molecules (5) (6) (7) (8) (9) (10) .
A number of previous studies have demonstrated that a species of regulatory RNA molecules, known as microRNAs (miRNAs), are encoded in non-coding regions and are involved in the regulation of diverse cellular processes such as development, differentiation, cell cycle, apoptosis and immune responses (11) (12) (13) . miRNAs display their post-transcriptional regulation through RNA interference by 2 different mechanisms (14) (15) (16) (17) . Binding within the first 10 bases of a miRNA, particularly within bases 2 to 7 at the 5' end of the miRNA known as the seed region, is considered of particular importance (18) (19) (20) .
HCMV encodes at least 14 miRNAs expressed in 11 unique RNA structures (14, 21) . Unlike other miRNAs expressed in herpesviruses in the clustered form, 14 miRNAs encoded by the HCMV are scattered in the whole genome. The target transcripts and regulatory functions of HCMV miRNAs remain to be elucidated. Only some HCMV miRNAs, such as hcmv-miR-UL112 (22, 23) and hcmv-miR-US4-1 (24) have been verified experimentally to be involved in viral pathogenesis by inhibiting host immune molecules or regulating viral proteins. As the only miRNA expressed in the HCMV UL/b' region, identifying the target genes and regulatory functions of hcmv-miR-UL148D may provide further insight into the viral pathogenesis of clinical isolates (25, 26) .
In this study, we identified and characterized the functional targets of hcmv-miR-UL148D using a hybrid-PCR approach in combination with luciferase report assays and western blot analysis. The cellular target gene, human immediate early gene X-1 (IEX-1), was identified as the target of hcmv-miR-UL148D. The suppression of IEX-1 expression by hcmv-miR-UL148D in an in vitro system was primarily investigated for the antiapoptotic effect on host cells.
Materials and methods
Cell line and cell culture. Human embryonic lung fibroblast (HELF) and human embryonic kidney 293 (HEK293) cells were obtained from Shanghai Biology Institution (Shanghai, China). The HELF and HEK293 cells were cultured in RPMI-1640 or DMEM supplemented with L-glutamine and pennicilin/streptomycin with 10% FBS at 37˚C and 5% CO 2 in a humidified incubator.
Virus, RNA and complementary DNA (cDNA) preparation. A HCMV clinical strain, termed Han, was isolated from a urine sample of an infant (<5 months old) hospitalized in Shengjing Hospital of China Medical University, Shenyang, China. The strain has been passaged 6 times in HELF cells before being used in this study.
For preparation of immediate early (IE) RNA, cycloheximide (100 µg/ml) was added to the culture medium 1 h prior to infection. The cells were harvested at 24 h post-infection (hpi). For early (E) RNA, phosphonoacetic acid (100 µg/ml) was added immediately after infection and the cells were harvested at 48 hpi. Late (L) RNA and mock-infected cellular RNA were derived from infected and uninfected cells, respectively, cultured in parallel and harvested at 96 hpi.
Total RNA was isolated from ~1x10 7 HCMV-infected HELF cells by TRIzol reagent (Invitrogen/Life Technologies, Shanghai, China) using the classic phenol/chloroform methods, and then dissolved in 50 µl RNase-free H 2 O, using the TURBO DNA-free™ kit (Ambion/Life Technologies, Austin, TX, USA). The integrity of the RNA was analyzed by 1% agarose gel electrophoresis.
cDNA preparations of HCMV non-infected HELF cells and HCMV infected HELF cells from the IE, E and L phases were carried out using the 3'-Full RACE Core Set kit (Takara, Dalian, China). Reverse transcription was performed with 1 µg RNA and an oligo(dT)3 site adaptor, which was provided in the kit, introducing a special sequence into the 5'-terminal of the cDNA, according to instructions provided by the manufacturer.
Hybrid-PCR and BLAST for candidate target genes. Target genes of hcmv-miR-UL148D were screened using the hybrid-PCR method as described in a previous study of ours (27) . The hybrid-PCR primer of hcmv-miR-UL148D, A1, was designed according to the reverse sequence of hcmv-miR-UL148D (Fig. 1A) . A semi-nested PCR was performed using primer A1 as the forward primer and the primer A2/A3 provided in the 3'-Full RACE Core Set kit (Takara) as the reverse primer. All primers used in this study are listed in Table I . The purified PCR products were T-A cloned and the clones were randomly selected for sequencing analysis using the ABI PRISM 3700 DNA sequencer (Applied Biosystem/Life Technologies, Carlsbad, CA, USA).
The candidate target sequences of hcmv-miR-UL148D were blasted on line (http://www.ncbi.nlm.nih.gov/blast) using the mRNA specific sequences located between primer A1 (i.e., the binding site) and poly A obtained from hybrid-PCR. Putative target genes were identified according to the following sequence criteria: i) containing a sequence either completely complementary to the hcmv-miR-UL148D seed region or with only one base unpaired; ii) the hcmv-miR-UL148D binding site is located within the 3' untranslated region (3'UTR) or coding domains (CDS) of the putative target genes; and iii) containing a poly A structure, which indicates that the sequences originate from mRNA.
Plasmid construction and site-directed mutagenesis.
According to the sequence of the Han strain, the primers for construction of the hcmv-miR-UL148D expression plasmid (pSilence-hcmv-mir-UL148D) were designed as primer-B1/B2. The purified PCR products of the hcmv-mir-UL148D encoding sequence were inserted into the pSilencer 4.1 vector (Ambion/ Life Technologies) between the BamHⅠ and the HindIII sites. The selected clone was confirmed by sequencing analysis.
As the control of the hcmv-miR-UL148D expression plasmid, the plasmid with a full-length mutation at the seed region of hcmv-miR-UL148D was obtained using site-directed mutagenesis. The mutant plasmid was firstly synthesized based on a PCR amplification with 2 primers (C1/C2) designed for the specific nucleotide mutation, pfu DNA polymerase (Takara), and the wild-type pSilence-hcmv-mir-UL148D as the template. The PCR products were then treated with methylase DpnI at 37˚C for 1 h to exclude the original plasmid of pSilence-hcmv-mir-UL148D, methylated during replication in Escherichia coli. Finally, the mutant plasmid was transformed into Escherichia coli DH5a to repair the nicks in the mutant plasmid resulting from the synthesized step. Clones were randomly selected, and the mutant plasmid, pSilence-hcmvmir-UL148D-mutant, was confirmed by sequencing analysis.
For dual luciferase report assays, the full-length 3'UTR sequence of IEX-1 was inserted into the pMIR vector at the SpelⅠ and the HindIII sites to construct pMIR-IEX-1-3'UTR. The primers for amplification of the IEX-1-3'UTR sequence were D1/D2. As an inner control, the pMIR-IEX-1-3'UTR-mutant with the whole mutant binding site of the hcmv-miR-UL148D seed region in the IEX-1-3'UTR was obtained by site-directed mutageneisis as described above. The primer sequences for the mutagenesis of the IEX-1-3'UTR sequence were E1/E2.
For western blot analysis, the expression plasmid, pBI-IEX-1-3'UTR, was constructed by inserting the full-length IEX-1 cDNA with 3'UTR sequence into the pBI vector at the BamHⅠ and HindIII sites. The primer sequences for amplification of the IEX-1 cDNA were F1/F2. The expression plasmid containing the mutant 3'UTR sequence of IEX-1, pBI-IEX-1-3'UTR-mutant, was obtained by site-directed mutagenesis using the same primers as those used for the construction of the pMIR-IEX-1-3'UTR-mutant plasmid.
For the apoptosis assay, the expression plasmid, pcDNA3.1-IEX-1-3'UTR, was constructed by inserting the full-length of IEX-1 cDNA with the 3'UTR sequence into the pcDNA3.1 + vector at the HindIII and BamHⅠ sites. The primer sequences were G1/G2. The control plasmid, pcDNA3.1-IEX-1-3'UTRmutant, was obtained by site-directed mutagenesis using the primers, E1/E2, which were the same as those used for the construction of the pMIR-IEX-1-3'UTR-mutant plasmid.
Dual luciferase reporter assays. To evaluate the binding effect of hcmv-miR-UL148D to the 3'UTR of IEX-1, a dual-luciferase reporter assay (Promega, Madison, WI, USA) was carried out, with a pRL-TK plasmid as the control for transfection efficiency.
A group of plasmids, pSilence-hcmv-miR-UL148D (600 ng), pMIR-IEX-1-3'UTR (100 ng) and pRL-TK (100 ng), was co-transfected into the HEK293 cells using Lipofectamine 2000 (Invitrogen/Life Technologies) according to the manufacturer's instructions in a 24-well culture plate. The miRNA control, consisting of pSilence-hcmv-miR-UL148D-mutant (600 ng), pMIR-IEX-1-3'UTR (100 ng) and pRL-TK (100 ng), and the IEX-1-3'UTR control, containing pSilence-hcmv-miR-UL148D (600 ng), pMIR-IEX-1-3'UTR-mutant (100 ng) and pRL-TK (100 ng), were transfected at the same time. After 48 h, the cells were harvested for the detection of the luciferase activity using a luminometer (Berthold Technologies, Oak Ridge, TN, USA) according to the manufacturer's instructions. The normalized firefly luciferase activity to that of Renilla was used to evaluate the binding effect of hcmv-miR-UL148D with the 3'UTR of IEX-1. The experiments were carried out at least 3 times.
Western blot analysis. To detect the expression kinetics of the IEX-1 protein during HCMV infection, the HELF cells were incubated with the Han strain and treated by cycloheximide and phosphonoacetic acid, as described above. Cellular proteins were extracted from the mock-infected and HCMV-infected cells at the IE, E and L stages using cytoplasmic protein lysis buffer (50 mM Tris, PH 7.5, 10% glycerol, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and protease and phosphatase inhibitors). Protein concentrations were determined using the BCA Protein Assay kit (P0012; Beyotime, Nantong, China). Equal amounts of proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane at 4˚C. The membranes were subsequently incubated with primary antibody to IEX-1 (1:1,000; ab65152; Abcam, Cambridge, UK) or β-actin (1:1,000; SC-1615; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), followed by incubation with HRP-conjugated secondary antibody (1:2,000; Beijing Zhongshan Biotechnology Co., Beijing, China). Luminescence was visualized on a Bio-Rad image station.
In order to detect the effects of hcmv-mir-UL148D on IEX-1 expression, the HEK293 cells in 60-mm culture plate were co-transfected using Lipofectamine 2000 with the miRNA expression plasmid, pSilence-hcmv-mir-UL148D, and the IEX-1 expression plasmid, pBI-IEX-1-3'UTR, or its mutant plasmid, pBI-IEX-1-3'UTR-mutant. At the same time, the HEK293 cells were co-transfected with the IEX-1 expression plasmid, pBI-IEX-1-3'UTR, and the miRNA expression plasmid, pSilence-hcmv-mir-UL148D, or its mutant plasmid, pSilence-hcmv-mir-UL148D-mutant. The cells were harvested at 48 h after transfection. The expression of IEX-1 was detected by western blot analysis using primary antibodies to IEX-1 and green fluorescent protein (GFP), which was expressed by the pBI vector and served as the internal control, separately.
Apoptosis assay. HEK293 cells cultured in a 6-well culture plate were first transfected using Lipofectamine 2000 with the miRNA expression plasmid, pSilence-hcmv-mir-UL148D (3,600 ng), or its mutant plasmid, pSilence-hcmv-mir-UL148D-mutant (3,600 ng). After 24 h, the cells were further transfected with the IEX-1 expression plasmid, pcDNA3.1-IEX-1-3'UTR (400 ng). The HEK293 cells transfected with the miRNA expression plasmid, pSilence-hcmv-mir-UL148D, or its mutant plasmid, pSilence-hcmv-mir-UL148D-mutant, were further transfected with the IEX-1 mutant expression plasmid, pcDNA3.1-IEX-1-3'UTR-mutant. Cells were harvested at 48 h after transfection, and washed with PBS buffer. The Table I . Names and sequences of primers used in this study.
Primer names
Primer sequences Use of the primers
recovered cells were then analyzed for apoptosis using the Annexin V-FITC apoptosis detection kit (c1063; Beyotime) following the procedures outlined by the manufacturer on a flow cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA). 
Prediction of binding sites of HCMV encoding miRNAs in

Results
Putative target genes of hcmv-miR-UL148D screened by hybrid-PCR.
Since miRNAs exhibit post-trancriptional regulatory effects by binding to target mRNAs, the target mRNA sequences were screened within mRNA-derived cDNA from HCMV-infected cells using hybrid-PCR, which has been experimentally demonstrated to be efficient for screening target genes of any known miRNAs (27) . Two main products of hcmv-mir-UL148D obtained from the HCMV-infected cells by hybrid-PCR were ~300 and 500 bp in length. Of note, the ~300 bp fragment was stronger in the IE phase of the HCMVinfected cells than in the E and L phase cells, as well as in the non-infected cells (Fig. 1B) . The ~300 bp fragment was subsequently cloned by the T-A clone method, and the inserts of 11 clones were successfully sequenced. Using BLAST analysis, 9 of them contained sequences homologous to the cellular gene, IEX-1 with the length of 297 bp from 968 nt to the polyA signal of IEX-1 mRNA. The sequence of the 3'UTR of IEX-1 mRNA from 968 to 978 nt was completely complementary to the 11 nt sequence of the hcmv-miR-UL148D seed region; while its upward sequence was partially complementary to the other 10 nt sequence in the 3'-terminal of hcmv-mir-UL148D (Fig. 1C) . Therefore, IEX-1 was preferentially considered to be the candidate target gene of hcmv-miR-UL148D.
Binding ability of hcmv-mir-UL148D to 3'UTR of the IEX-1 mRNA.
The entire wild-type and mutant 3'UTR of IEX-1 were inserted downstream of the luciferase gene. The results of dual-luciferase reporter assays showed that compared with the mutant hcmv-miR-UL148D, hcmv-miR-UL148D suppressed the relative luciferase activity of pMIR-IEX-1-3'UTR by ~47%; the relative luciferase activity of pSilence-hcmv-miR-UL148D was suppressed ~40% by the wild-type plasmid compared to the control pMIR-IEX-1-3'UTR-mutant plasmid ( Fig. 2A) . These results suggest that the binding site at 952 to 979 nt of IEX-1-3'UTR may be specifically affected by hcmv-miR-UL148D.
Expression kinetics of IEX-1 during HCMV infection.
To examine the downregulatory effect of hcmv-mir-UL148D on the cellular gene, IEX-1, the expression kinetics of IEX-1 during HCMV infection were primarily detected using proteins from cells infected with the Han strain by western blot analysis. In cells collected at the IE and E phase, a slight IEX-1 expression band was detected; while in cells at the L phase cells or mockinfected HELF cells, no IEX-1 expression was detected. The expression level of IEX-1 in cells at the E phase was only 10% of that in cells at the IE phase. This divergence in expression levels suggested that IEX-1 expression was elevated during HCMV infection at the IE phase, and was downregulated gradually at the E and L phase (Fig. 2B) .
Suppression of IEX-1 gene expression by hcmv-miR-UL148D.
In order to further evaluate the specific effect of hcmv-mir-UL148D on the expression of IEX-1, an in vitro system was utilized. HEK293 cells were transfected with IEX-1 and hcmv-mir-UL148D. The western blot analysis results showed that compared with mutant hcmv-miR-UL148D, hcmv-miR-UL148D suppressed the expression of pBI-IEX-1-3'UTR ~43%; the expression was suppressed ~47% compared with the expression of pBI-IEX-1-3'UTR-mutant together with pSilence-hcmv-mir-UL148D (Fig. 2C) . These results suggest that hcmv-miR-UL148D can functionally downregulate IEX-1 expression.
hcmv-miR-UL148D exerts anti-apoptotic effects by downregulating IEX-1 expression.
In order to identify the effects of hcmv-mir-UL148D on cell apoptosis caused by ectopically expressed IEX-1, HEK293 cells were first transfected with pSilence-hcmv-mir-UL148D followed by the IEX-1 expression plasmid, pcDNA3.1-IEX-1-3'UTR. The percentage of apoptotic cells in the cells transfected with the expression plasmids of hcmv-mir-UL148D and IEX-1 was decreased ~51% compared with the control cells expressing mutant hcmv-mir-UL148D and IEX-1 with a normal 3'UTR; the percentage was decreased ~54% compared with the cells expressing hcmv-mir-UL148D and IEX-1 with a mutant 3'UTR (Fig. 3) . These results indicate that hcmv-mir-UL148D exerts anti-apoptotic effects by downregulating the elevated expression of the cellular gene, IEX-1, during HCMV infection.
Prediction of binding sites of HCMV encoding miRNAs in IEX-1 by Biosoftware RNAhybrid-Submission.
Multiple HCMV miRNAs were predicted to be partially complementary to IEX-1-3'UTR with the mfe <-20 kcal/mol (Fig. 4) . The hcmv-mir-UL148D binding site at 952-979 nt in the IEX-1 gene is located 23 nt upstream of the predicted binding site of hcmv-mir-UL22A (975-1004 nt), and 21 nt upstream of one of the binding sites of hcmv-mir-UL70 (973-993 nt) predicated by Biosoftware RNAhybrid-Submission. The binding sites in IEX-1-3'UTR of these miRNA were located separately >21 nt from each other.
Discussion
Since miRNAs have been found to be expressed in a number of viruses and exert downregulatory effects on target gene expression, the study of miRNAs may provide further insight into the mechanisms of viral pathogenesis and host defense. The determination of target genes and the relative functions of a given miRNA have been the new research highlights. A recent study showed that hcmv-mir-UL148D, concomitant with other miRNAs encoded by HCMV, is expressed in low-passage clinical strains recovered from the amniotic fluid and urine of congenitally-infected infants (26) . In the present study, the cellular target gene, IEX-1, of hcmv-mir-UL148D, which resides in the HCMV UL/b' region only found in clinical isolates, was identified by a series of experiments.
To date, the prediction of viral miRNA targets has been particularly challenging due to the complex prediction algorithms (28) and the high false-positive rate (29) . The hybrid-PCR method used in our study has proven to be a useful experimental method for screening putative target genes of any known miRNA (27) . It conforms to the idea that only the seed region of the miRNA is completely complementary to and/or other sequences partially complementary to the target mRNA, and that this miRNA can exhibit a translational inhibitory effect. In fact, the more completely complementary the nucleotides (nts) in the 3'-terminal sequence of a hybrid-PCR primer, the stronger the binding of the miRNA to the target mRNA, and the easier it will be for the targets to be amplified by the hybrid-PCR method.
The main hybrid-PCR product of hcmv-mir-UL148D in the IE, E and L phases of the HCMV infected cells was ~300 bp in length. This band was confirmed to be derived from the cellular gene, IEX-1, by sequencing analysis. A total of 11 nts around the hcmv-mir-UL148D seed region were complementary to the IEX-1-3'UTR. It has been reported that the complementary sequence between 6 nt of the miRNA seed region and its target sequence is enough to form stable bindings (30) . The prediction results by Biosoftware RNAhybrid-Submission in the present study showed that only one binding site from 952 to 979 nt of IEX-1 was satisfactory with consecutive 11 nt pairs completely complementary to hcmv-mir-UL148D 5' end including the entire seed region, and the mfe of this binding was -35.0 kcal/mol. This predicted binding site was the same as that screened by hybrid-PCR. The high thermodynamic stability of hcmv-mir-UL148D:IEX-1-3'UTR suggests that the sequence from 952 to 979 nt of IEX-1 should be the real binding site of hcmv-mir-UL148D. As shown by luciferase assay, the relative luciferase activity of pMIR-IEX-1-3'UTR was suppressed ~47% by hcmv-miR-UL148D, compared to the mutant control plasmids of hcmv-mir-UL148D and IEX-1-3'UTR. This evidence further demonstrates the binding ability of hcmv-mir-UL148D to IEX-1-3'UTR. The coding sequence of hcmv-mir-UL148D resides in the antisense strand of UL150, and is completely complementary to the UL150 sequence. Unfortunately, the exact function of the UL150 gene remains unknown, which hinders the determination of the exact bio-behavioral effects of hcmv-mir-UL148D interference. However, the UL150 gene was not identified as a candidate target of hcmv-mir-UL148D in our screening tests by hybrid-PCR. This may due to a number of resons: i) The number of selected clones was too limited to contain all the putative target genes. ii) The extracted RNAs used in hybrid-PCR contained two genomes, Homo sapiens and HCMV. The higher amount of Homo RNAs than HCMV RNAs in the hybrid-PCR samples made cellular RNAs easier to be amplified. iii) Residing in the high GC region, the UL150 gene is more difficult to be amplified with hybrid-PCR primer and oligo(dT)-3' site adaptor primer at the annealing temperature of 37˚C (27) .
Although the 3'UTR sequence of IEX-1 mRNA from 952 to 979 nt was not completely complementary to the whole sequence of hcmv-mir-UL148D, it was completely complementary to the entire seed region. To determine whether the binding of hcmv-mir-UL148D to the 3'UTR sequence of IEX-1 mRNA has functional effects on IEX-1 expression, western blot analysis was performed. As shown by western blot analysis, the inhibitory effect of ectopically expressed IEX-1 was similar to that of the suppression of relative luciferase activity as shown by luciferase assay. These results further suggests that the cellular gene, IEX-1, is one of the targets of hcmv-mir-UL148D.
Previous studies have shown that a miRNA may exert synergistic post-regulatory inhibitory effects on a target gene with multiple binding sites (31) (32) (33) . As shown by western blot analysis, the similar expression levels of IEX-1 in the parallel tests of mutant hcmv-mir-UL148D and wild-type IEX-1 with that in tests of wild-type hcmv-mir-UL148D and mutant IEX-1 suggest that the binding site in the 3'UTR of IEX-1 mRNA from 952 to 979 nt is an exclusive site.
IEX-1 plays a role in controling apoptosis and cellular growth. IEX-1 expression can be rapidly induced in various cells by irradiation, viral infection, inflammatory cytokines, chemical carcinogens, growth factors and hormones. The increased expression of IEX-1 has been associated with an increase in the growth rate of keratinocytes and HeLa cells, and the disruption of IEX-1 expression in HeLa and 293 cells has been associated with a decrease in cellular proliferation (34) (35) (36) (37) . A previous study on the hcmv-mir-UL148D expression kinetics showed that the expression is first evident at the IE phase, and gradually increases at the E phase and reaches maximum levels at the L phase during HCMV infection (25) . In our study, the weak expression of IEX-1 was detected in the IE phase and the expression was even weaker in the E phase of HCMV infection, but not in cells in the L phase and mock-infected cells, as shown by western blot analysis. The elevated expression of IEX-1 at the IE phase of HCMV infection is likely due to viral invasion. The expression level of IEX-1 in HCMV-infected cells negatively correlates with that of hcmv-mir-UL148D. This may partially due to the specific downregulatory effect hcmv-mir-UL148D on IEX-1 expression, which was identified in our in vitro system.
Apoptosis is an antiviral defense mechanism by which the host can eliminate infected cells and restrict viral propagation. It has been demonstrated that HCMV-encoded proteins, such as UL37, an immediately early gene product, can prevent or attenuate apoptosis in infected cells (38) (39) (40) . By utilizing an in vitro apoptosis assay we demonstrated primarily that hcmv-mir-UL148D suppresses the apoptotic cells ratio by downregulating IEX-1 expression. The downregulation rate of IEX-1 expression by hcmv-mir-UL148D in this in vitro system was ~50%, which was lower than the decreased level of IEX-1 expression from the IE to E phase during HCMV infection (90%). Certain studies have shown that multiple miRNAs may display cooperative effects on one target (31) (32) (33) . To explain this result, the binding sites of HCMV other miRNAs in the IEX-1 sequence were analyzed using Biosoftware RNAhybridSubmission. The prediction result showed that multiple miRNAs were partially complementary to IEX-1-3'UTR with the mfe <-20 kcal/mol (Fig. 4) . The binding sites in the IEX-1-3'UTR of these miRNA were located separately >21 nt from each other. This result suggests that multiple miRNAs may cooperatively suppression on IEX-1 expression during HCMV infection. These results may explain the manifestation that the downregulation rate of ectopically expressed IEX-1 by hcmv-mir-UL148D is lower than the decreased level of IEX-1 expression from the IE to the E phase during HCMV infection. The cooperative effect on IEX-1 expression exerted by hcmvmir-UL148D and other miRNAs encoded by HCMV and their anti-apoptotic effects require further study.
In conclusion, in the current study, we demonstrate that the expression of the cellular gene, IEX-1, increased at the IE phase, and rapidly decreased at the E and L phases during HCMV infection. Hcmv-mir-UL148D, a miRNA residing in the HCMV UL/b' region, was identified to downregulate IEX-1 expression through only one binding site within the 3'UTR, and to contribute to the anti-apoptotic effects caused by ectopically expressed IEX-1 in an in vitro system. These findings provide new insight into IEX-1 expression kinetics during HCMV infection, as well as the interactions between hcmv-miR-UL148D and IEX-1 expression.
